To gain insight into the role of F-actin in the organization of synaptic vesicles at release sites, we examined the synaptic distribution of F-actin by using a unique synaptic preparation of frog target-deprived nerve terminals. In this preparation, imaging of the synaptic site was unobstructed by the muscle fiber cytoskeleton, allowing for the examination of hundreds of synaptic sites in their entirety in whole mounts. At target-deprived synaptic sites F-actin was distributed in a ladder-like pattern and was colocalized with ␤-fodrin. Surprisingly, F-actin stain, which we localized to the nerve terminal itself, did not overlap a synaptic vesicle marker, suggesting that it was concentrated in nonrelease domains of nerve terminals between clusters of synaptic vesicles. These findings suggest that the majority of the presynaptic F-actin is not involved in tethering synaptic vesicles. Instead, the strategic presynaptic positioning of this cytoskeletal meshwork in nonrelease domains of the nerve terminal suggests alternate functions such as restricting synaptic vesicles to release domains, recycling synaptic vesicles, or stabilizing the nerve terminal.
Synaptic vesicles are clustered at release sites in motor nerve terminals along with several molecules involved in their exocytosis (Scheller, 1995; Sudhof, 1995) . This focusing of synaptic vesicles insures rapid and sustained release of neurotransmitter (Brodin et al., 1997) . The synaptic vesicles at release sites have been described as two physically distinct populations (Kelly, 1993) . One group of vesicles, docked at the presynaptic membrane, appear poised for release via interactions between vesicular and presynaptic membrane proteins (Sollner et al., 1993a,b) . Another larger group of synaptic vesicles does not contact the presynaptic membrane and is clustered in the vicinity of release sites. These vesicles are thought to represent a reserve pool that is available for release during trains of stimuli Kelly, 1993) . Photobleaching has demonstrated that the lateral mobility of synaptic vesicles within a cluster is restricted (Henkel et al., 1996; Kraszewski et al., 1996 ), yet the mechanism by which these vesicles are confined to release sites remains unclear. Any proposed mechanism must account for the localization of synaptic vesicles and also allow for vesicle movement during release and vesicle recycling.
A current model proposes that synaptic vesicles are tethered at release zones via phosphorylation-dependent interactions among the vesicular molecule, synapsin, and an actin-based cytoskeleton (Greengard et al., 1993) . Although the role for synapsin in focusing synaptic vesicles at release sites appears well supported by both in vitro and in vivo experimental evidence (Greengard et al., 1993; Li et al., 1995; Pieribone et al., 1995; Rosahl et al., 1995; Takei et al., 1995) , the contribution of actin filaments (F-actin) to this process is less clear. Although F-actin is concentrated in newly formed synaptic contacts in vitro (Dai and Peng, 1996; Wang et al., 1996; Bernstein et al., 1998) , the demonstration of F-actin at mature synaptic release sites resulted in conflicting evidence (Landis et al., 1988; Hirokawa et al., 1989) . Further, the release and recycling of synaptic vesicles as well as their distribution at mature vertebrate synapses were unaltered by treatment with agents that prevent F-actin polymerization (Betz and Henkel, 1994; Henkel et al., 1996; Job and Lagnado, 1998) . Only okadaic acid, a phosphatase inhibitor, has been found to disrupt vesicle clusters (Betz and Henkel, 1994; Dai and Peng, 1996) .
In the study presented here we used a unique synaptic preparation of frog target-deprived nerve terminals to examine the synaptic distribution of F-actin. In this preparation the resulting targetdeprived nerve terminals allow for a light-level whole-mount analysis of the presynaptic cytoskeleton at a mature, functional synapse. We previously demonstrated that frog motor nerve terminals are maintained functionally and structurally, often in their entirety, in the absence of muscle fibers Connor, 1995, 1998) . We report here that F-actin is distributed in a ladderlike pattern at target-deprived synaptic sites. Our analysis supports the localization of F-actin to the nerve terminal itself. Interestingly, the majority of the F-actin is excluded from release sites of the nerve terminal and thus is not involved in tethering synaptic vesicles. The strategic presynaptic positioning of this cytoskeletal meshwork in nonrelease domains of the nerve terminal is significant because the actin-based network may participate in restricting synaptic vesicles to release domains, in recycling synaptic vesicles, or in stabilizing the nerve terminal at a synaptic site.
MATERIALS AND METHODS
Surger y. Adult male frogs, Rana pipiens (Hazen, Alburg, V T), were anesthetized by immersion in 0.2% tricaine methane sulfonate, pH 7.2, and cooled on ice. Cutaneous pectoris muscle fibers were damaged without injury to the motor innervation, as previously described (Dunaevsky and Connor, 1995) . Within 2 weeks the muscle fibers degenerated and were phagocytized, leaving empty basal lamina sheaths of muscle fibers with original nerve terminals intact. These preparations are referred to as innervated sheaths. Muscle fiber regeneration was prevented by x-irradiation of the thorax on 3 d consecutively at the time of surgery (Sanes et al., 1978; Yao, 1988) . Innervated sheaths occasionally contained muscle fibers that either persisted after incomplete surgical damage or had regenerated. Synaptic sites in innervated sheaths were determined to be target-deprived by the absence of striations in bright-field microscopy or by a phalloidin-stained muscle fiber in fluorescence microscopy (Dunaevsky and Connor, 1995) . In some instances the innervation was severed at the level of the brachial nerve exiting the vertebral column (Letinsky et al., 1976) .
Staining of synaptic sites. Muscles or innervated sheaths (1-3 months after muscle damage) were dissected in normal frog Ringer's solution, fixed in either 1% formalin or 2% paraformaldehyde, and rinsed in 0.1% Triton X-100 in PBS (PBST; Connor et al., 1994) . After a 10 min incubation in blocking solution (Connor et al., 1994 ) the preparations were incubated in primary antibody or fluorochrome-tagged probes for 1 hr at room temperature or overnight at 4°C. Next the preparations were rinsed in PBST, incubated for 1-2 hr in fluorochrome-labeled secondary antibodies, and washed in PBST. Preparations were mounted on slides with an antifade reagent, Slow Fade-Light (Molecular Probes, Eugene, OR).
Antibodies and probes. F-actin was marked with fluorochromeconjugated phalloidin (Molecular Probes). Synaptic sites were identified either by staining acetylcholine receptors with ␣-bungarotoxin or by staining synaptic and terminal Schwann cell basal laminae with peanut agglutinin (Ko, 1987; Dunaevsky and Connor, 1995) . Primary antibodies included rabbit polyclonal antibodies against brain ␤-fodrin and brain ␣-fodrin (gift of R. Bloch, University of Maryland School of Medicine) (Porter et al., 1997; Z hou et al., 1998) ; a mouse IgG monoclonal antibody (mAb) directed against a synaptic vesicle antigen, SV2 (gift of S. C arlson, University of Washington); and mouse IgM mAbs (SC -1 and 2A12, gift of C -P Ko, University of Southern C alifornia) directed against epitopes that mark the surface of terminal Schwann cells and their basal laminae (T yner et al., 1996; Astrow et al., 1999) .
Imag ing. Confocal images were collected with a Bio-Rad MRC 600 (Hercules, CA) mounted on a Nikon Optiphot with a 60ϫ oil immersion objective. For each synaptic site 6 -45 sections were collected every 0.2 m, with each being a Kalman average of four to five scans. Double-labeled preparations were viewed by using the dual wavelength mode (488 and 568 nm). Images were pseudocolored, using National Institutes of Health Image software; adjustments to brightness and contrast as well as the merging of images were performed with Adobe Photoshop.
To compare the distribution of two stains at a given synaptic site in the z-plane, we resampled the volume data from a z-series of confocal images collected in the dual wavelength mode along a specified line. The integration of line scans through the z-axis yielded a longitudinal view of the synaptic site. These reconstructed line scans were pseudocolored and then merged as described above.
Distance measurements. Measurements were made by using National Institutes of Health Image software to determine the distance between adjacent phalloidin-stained bands. The center-to-center distance between adjacent SV2-stained clusters of synaptic vesicles was determined also.
RESULTS

Organization of the frog neuromuscular junction
The presynaptic component of the frog neuromuscular junction consists of an arborized nerve terminal capped by nonmyelinating terminal Schwann cells. The linear array of release sites at this synapse is marked by clusters of synaptic vesicles that appose junctional folds in the muscle membrane (Fig. 1) . The release sites are separated by nonrelease domains that are generally free of vesicles. In these areas a cytoplasmic finger of a terminal Schwann cell occasionally encircles the nerve terminal, intervening between the nerve terminal and the synaptic basal lamina (McMahan et al., 1972) . These morphological features of the nerve terminal as well as the physical relationship between the nerve terminal and the terminal Schwann cell are maintained for months after damage and complete degeneration of the target muscle fiber (Yao, 1988; Dunaevsky and Connor, 1998) . Target-deprived nerve terminals also release and recycle synaptic vesicles in response to stimulation (Dunaevsky and Connor, 1995) .
F-actin bands do not colocalize with clusters of synaptic vesicles
To determine the presynaptic distribution of F-actin at a mature synapse, we stained innervated sheaths with fluorochromeconjugated phalloidin and viewed them in whole mount. In these preparations the connective tissue cells and muscle fibers were stained by phalloidin (data not shown) as were the synaptic sites. Although it was not possible to distinguish synaptic sites on persisting phalloidin-stained muscle fibers, target-deprived synaptic sites were visualized clearly. There, the F-actin stain was distributed in a ladder-like pattern; the longitudinal borders of the synaptic site were stained as well as bands that crossed the synaptic site like rungs of a ladder (Fig. 2) .
To determine the relationship between the bands of F-actin stain and release sites, we stained innervated sheaths with phalloidin and an SV2 antibody that marked synaptic vesicles. The bands of actin stain in these preparations were found interposed between spots of SV2 stain representing neighboring clusters of synaptic vesicles (Fig. 3) . These data suggest that the bands of actin stain observed at target-deprived synaptic sites are not localized at release sites.
F-actin associates with spectrins to form a two-dimensional lattice beneath the cell membrane (Bennett and Gilligan, 1993; Beck and Nelson, 1996) . Immunohistochemical analysis of ␤-fodrin, a member of the spectrin family, at the target-deprived synaptic sites revealed that it has a distribution similar to that of F-actin; there were bands of ␤-fodrin stain (Fig. 4 A-C ) that did not overlap clusters of synaptic vesicles (data not shown). Further, the bands of ␤-fodrin stain colocalized with those of F-actin (Fig. 4 D-F ). This colocalization of F-actin and ␤-fodrin suggests an interaction of these cytoskeletal molecules at synaptic sites. Target-deprived synaptic sites were stained only weakly by antibodies against ␣-fodrin (data not shown).
Cellular source of F-actin bands
The F-actin and ␤-fodrin stain at nonrelease domains of synaptic sites may be derived from either the nerve terminal or the terminal Schwann cell or both (see Fig. 1 ). Because terminal Schwann cell processes occasionally encircle the nerve terminal in nonrelease areas, bundling of cytoskeletal molecules in these processes could produce the observed bands of F-actin and ␤-fodrin stain in wholemount preparations. To assess the contribution of terminal Schwann cells to this pattern of cytoskeletal stain, we denervated target-deprived preparations for 2 weeks, a time sufficient for the nerve terminal to be phagocytized. Although denervated targetdeprived synaptic sites remained stained by phalloidin, the pattern of stain was strikingly different; no bands of actin were observed (Fig. 5A,B) . Similarly, denervation resulted in the loss of the banded pattern of ␤-fodrin stain (Fig. 5C ). Although the persistence of F-actin and ␤-fodrin stain at denervated synaptic sites demonstrates that both are components of the terminal Schwann cell cytoskeleton, the change in the staining pattern suggests that some F-actin and ␤-fodrin are of neuronal origin. The absence of bands of F-actin and ␤-fodrin stain after denervation, however, does not eliminate terminal Schwann cell processes as the source of the cytoskeletal stain because the array of glial processes may have been disrupted during phagocytosis of the nerve terminal.
To determine the extent of overlap between phalloidin-stained bands and terminal Schwann cells, we doubly-labeled synaptic sites with phalloidin and a monoclonal antibody, SC-1 or 2A12, that marks terminal Schwann cells and their basal laminae (Tyner et al., 1996; Astrow et al., 1999) . Although target-deprived synaptic sites were stained consistently by both antibodies, only occasionally was the terminal Schwann cell stain in a banded pattern (Fig. 6) . When bands of stain were detected, there sometimes was overlap between the F-actin bands and the terminal Schwann cell stain. More frequently, however, diffuse terminal Schwann cell stain was present with strong bands of F-actin stain. These results suggest that F-actin bands were colocalized only occasionally with the stain of terminal Schwann cells.
To identify more accurately the cellular source of the F-actin bands, we compared the spacing and alignment of the phalloidinstained bands with other synaptic components. First, we compared the spacing of bands of F-actin stain and clusters of synaptic vesicles marked by SV2 stain at target-deprived synaptic sites. If the bands of F-actin stain are derived exclusively from the Schwann cell processes, we predicted that the phalloidin-stained bands would have a wider and more variable spacing when they were compared with the spacing of synaptic vesicle clusters (McMahan et al., 1972) . This was not the case. Measurements determined that, on average, phalloidin-marked bands were separated by 1.2 Ϯ 0.3 m (mean Ϯ SD; n ϭ 335 measurements from 31 nerve terminals), whereas the centers of synaptic vesicle clusters were spaced at a distance of 1.4 Ϯ 0.3 m (mean Ϯ SD; n ϭ 143 measurements from 30 nerve terminals). These data suggest that neuronal F-actin is interposed regularly between neighboring clusters of synaptic vesicles and unlikely to be localized exclusively to the more irregularly spaced processes of terminal Schwann cells.
Further support for a neuronal origin of F-actin was obtained by comparing the distribution of phalloidin to other synaptic component markers in the z-plane. We found that the extent of phalloidin stain at a synaptic site was aligned with that of the synaptic vesicle marker. For each pair of stains the z-series of images of selected synaptic sites was resampled along a specified line drawn along the longitudinal axis of a synaptic site. This resampling analysis allowed for the extent of synaptic staining for phalloidin and different probes to be compared and viewed in an orientation like that schematically depicted in Figure 1 . To demonstrate that this method will resolve structures that are not colocalized in the z-plane, we first determined that markers of synaptic vesicles and acetylcholine receptors were resolvable in normal muscles (Fig. 7) . Although there is some overlap between the two stains because of the point spread function, it is clear that the two markers are resolvable in the z-plane (10 synaptic sites from three preparations). We then compared the pattern of F-actin stain with stains for either ␤-fodrin or synaptic vesicles. From analysis of the distribution of F-actin and ␤-fodrin (nine synaptic sites, two preparations) we determined that, in general, the stains for these molecules were overlapping and coextensive, consistent with an interaction between ␤-fodrin and F-actin. We next compared stains for F-actin and synaptic vesicles and predicted that the distribution of these stains at a synaptic site would differ in extent if the F-actin bands were derived solely from projections of terminal Schwann cells into the synaptic cleft. We observed, however, that probes for F-actin and synaptic vesicles (15 synaptic sites from six preparations) were frequently coextensive, beginning and ending at similar positions in the z-axis, although in alternating bands of stain consistent with our observations from en face images (see Fig. 3 ). The observed spacing of phalloidin-stained bands and their alignment with synaptic components suggests that F-actin is localized at nonrelease domains of nerve terminals.
DISCUSSION
Using a target-deprived synaptic preparation of frog neuromuscular junctions, we have shown that F-actin and ␤-fodrin are concentrated in a ladder-like pattern at synaptic sites. We demonstrate that F-actin is concentrated in nonrelease domains of nerve terminals, between clusters of synaptic vesicles. Additional cytoskeletal stain may be derived from the cytoplasmic processes of terminal Schwann cells. This presynaptic distribution of actin suggests a cytoskeletal function independent of that proposed for tethering synaptic vesicles at release sites.
The target-deprived neuromuscular preparation used in these experiments offered a number of advantages for the analysis of the presynaptic cytoskeleton. First, release sites at the frog neuromuscular junction are organized in a linear array and are clearly distinguishable from intervening nonrelease domains. Second, imaging of the synaptic site was unobstructed by the muscle fiber cytoskeleton, allowing for whole-mount imaging of hundreds of mature synaptic sites in their entirety. Finally, the target-deprived preparation likely reflects the organization of the intact neuromuscular junction because target-deprived nerve terminals continue to release and recycle synaptic vesicles in response to stimulation (Dunaevsky and Connor, 1995) . The observation that ␤-fodrin staining of normal neuromuscular junctions yielded the same ladder-like pattern of stain as observed in the absence of target muscle (our unpublished results) is further evidence that targetdeprived synaptic sites are representative of normal synapses.
Our initial experiments were designed to visualize the actin network postulated to emanate from release sites and serve as a scaffold to cluster synaptic vesicles (Greengard et al., 1993) . Analysis of the three-dimensional distribution of F-actin filaments in relation to other synaptic markers allowed us to determine the localization of F-actin in relation to synaptic vesicle clusters. We were surprised when our results indicated that the majority of the actin at target-deprived nerve terminals was in nonrelease domains. Previous experiments, using rapid-freezing freeze-etch techniques, examined the presynaptic cytoskeleton and produced Figure 3 . The majority of F-actin stain is external to synaptic vesicle clusters. A target-deprived synaptic site is stained with SV2 ( A) to mark synaptic vesicle clusters and with phalloidin ( B) to mark F-actin. C, The merged pseudocolor images reveal that the bands of actin are located between synaptic vesicle clusters rather than at the release sites. Scale bar, 5 m.
conflicting results. Landis et al. (1988) concluded from studies of a central synapse that F-actin is infrequent in release domains although fodrin-like filaments were observed. In contrast, Hirokawa and colleagues (1989) noted an actin meshwork at release sites of a variety of synapses as well as a lower density of filaments suggested to be fodrin. Other evidence also suggests that F-actin tethers a reserve pool of vesicles at release sites (Wang et al., 1996; Kuromi and Kidokoro, 1998 ). Although we may not have detected a low density of either actin or ␤-fodrin filaments at release domains because of the resolution limits of our techniques, our results focus attention on possible new roles of F-actin at sites removed from active zones.
Our observation that F-actin stain is focused at the synapse between release sites raised the question as to whether the actin was concentrated in the nerve terminal itself or in terminal Schwann cell processes. Our results from denervated preparations demonstrated that terminal Schwann cells contain F-actin and ␤-fodrin. The presence of ␤-fodrin in terminal Schwann cells is consistent with previous reports of fodrin localization in glial cells of the peripheral nervous system and CNS (Levine and Willard, 1981; Zagon et al., 1984 Zagon et al., , 1986 . Measurements of the spacing of bands of F-actin and synaptic vesicle stain, however, suggested that F-actin is interposed regularly between neighboring clusters of synaptic vesicles and is not associated solely with terminal Schwann cell processes. Further, the extent of actin stain at synaptic sites was in line with that of synaptic vesicles, unlike similar comparisons with markers of terminal Schwann cells (data not shown). These data make it highly unlikely that the F-actin observed in nonrelease domains of synaptic sites originates exclusively from terminal Schwann cell processes.
Our data suggest a model in which a cytoskeletal matrix containing at least F-actin and ␤-fodrin is positioned in nonrelease domains of the nerve terminal. What might be the role of this meshwork of actin and ␤-fodrin filaments? One possibility is that such a cytoskeletal network may serve as a "cage" to restrict synaptic vesicles to release sites (Betz and Henkel, 1994) . Such a structure may account for the observation that FM1-43-stained clusters of synaptic vesicles did not change shape during depolarization . Interestingly, treatment with cytochalasin D, an inhibitor of actin polymerization, did not alter the distribution of synaptic vesicles at frog neuromuscular junctions (Betz and Henkel, 1994) . Similarly, the pattern of FM1-43 staining in nerve terminals pretreated with cytochalasin D (Job and Lagnado, 1998) was not different from control preparations. If F-actin acts to cage synaptic vesicles, these results would require that the actin meshwork at nonrelease portions of the nerve terminal be very stable and thus not vulnerable to cytochalasin D treatment (Ayscough et al., 1997) . Disruption of vesicle clusters has been induced only by treatment with okadaic acid, a phosphatase inhibitor (Betz and Henkel, 1994; Dai and Peng, 1996) (but see Kuromi and Kidokoro, 1998) , or a reduction in the synapsin concentration (Pieribone et al., 1995; Takei et al., 1995) .
Because receptor-mediated endocytosis in yeast involves the rapid polymerization and depolymerization of F-actin (Kubler and Reizman, 1993; Ayscough et al., 1997 ) (for review, see Wendland et al., 1998) , it has been proposed that F-actin may be involved in the endocytosis of synaptic vesicles (Mundigl et al., 1998; Gustafson et al., 1999) . The F-actin bands we observed may represent such a cytoskeletal endocytotic structure. Observations that nerve terminals incorporate FM1-43 despite treatment with cytochalasin (Job and Lagnado, 1998; Kuromi and Kidokoro, 1998) and latrunculins (T. Jaquith, S. Desai, and E. A. Connor, unpublished results) suggest that F-actin polymerization is not required for vesicle recycling. A role for a stable lattticework of actin microfilaments in endocytosis of synaptic vesicles, however, cannot be ruled out.
Alternatively, an actin-based cytoskeletal network may serve to stabilize the nerve terminal at the neuromuscular junction. We have demonstrated previously that nerve terminals at frog neuromuscular junctions are maintained structurally and functionally at synaptic sites in the absence of target muscle fibers Connor, 1995, 1998 ), but the mechanism by which nerve terminals are maintained at synaptic sites is not known. These and other data suggested that the cues that stabilize nerve terminals persist at synaptic sites after target removal and may reside in association with the terminal Schwann cell or the synaptic basal lamina (Trachtenburg and Thompson, 1997) . It is intriguing to consider that a concentration of neuronal F-actin in nonrelease domains may provide structural integrity to the nerve terminal (Job and Lagnado, 1998) , sometimes binding the nerve terminal to the synaptic basal lamina via the intermediary process of the terminal Schwann cell. Although the function of this neuronal actin network presently is unknown, the current models of synaptic vesicle localization and synapse stabilization can be tested further in light of this new morphological information. The distribution of F-actin at a synaptic site is coextensive with that of synaptic vesicles. Each z-series of confocal images was resampled along a specified line to yield a longitudinal view of a synaptic site. The view from top to bottom (arrow) shows a section through the nerve terminal toward the presynaptic membrane and synaptic cleft. Each column of three images ( A-C) shows reconstructed line scans of a synaptic site stained both with an antibody to either SV2 or ␤-fodrin (in green) and markers of either acetylcholine receptors (BTX ) or F-actin (in red). The bottom panels represent overlays of images from the pairs of stain. Markers of synaptic structures found in distinct locations ( A) were resolved in the z-axis by this method. F-actin is coextensive with a synaptic vesicle marker ( C) and overlaps completely with ␤-fodrin ( B); co-ordinates: x-axis, 3 m; z-axis, 0.5 m.
